Disrupted-In-Schizophrenia 1 (DISC1) is a candidate gene for susceptibility to schizophrenia. DISC1 is reported to interact with NudE-like (NUDEL), which forms a complex with lissencephaly-1 (LIS1) and 14-3-3. 14-3-3 is involved in the proper localization of NUDEL and LIS1 in axons. Although the functional significance of this complex in neuronal development has been reported, the transport mechanism of the complex into axons and their functions in axon formation remain essentially unknown. Here we report that Kinesin-1, a motor protein of anterograde axonal transport, was identified as a novel DISC1-interacting molecule. DISC1 directly interacted with kinesin heavy chain of Kinesin-1. Kinesin-1 interacted with the NUDEL/LIS1/14-3-3 complex through DISC1, and these molecules localized mainly at cell bodies and partially in the distal part of the axons. DISC1 partially colocalized with Kinesin family member 5A, NUDEL, LIS1, and 14-3-3 in the growth cones. The knockdown of DISC1 by RNA interference or the dominant-negative form of DISC1 inhibited the accumulation of NUDEL, LIS1, and 14-3-3 at the axons and axon elongation. The knockdown or the dominant-negative form of Kinesin-1 inhibited the accumulation of DISC1 at the axons and axon elongation. Furthermore, the knockdown of NUDEL or LIS1 inhibited axon elongation. Together, these results indicate that DISC1 regulates the localization of NUDEL/LIS1/14-3-3 complex into the axons as a cargo receptor for axon elongation.
Introduction
Schizophrenia is a complex genetic disorder with fairly high heritability. Recently, several genes have been identified as candidate genes for susceptibility to schizophrenia, including neuregulin 1 (Stefansson et al., 2002) , dysbindin (Straub et al., 2002) , G72 (Chumakov et al., 2002) , catechol-O-methyltransferase (Egan et al., 2001; Bilder et al., 2002; Shifman et al., 2002) , and others (Craddock et al., 2005; Harrison and Weinberger, 2005) . Although candidate genes for schizophrenia have been identified, the molecular mechanisms underlying the disease are essentially unknown.
Disrupted-In-Schizophrenia 1 (DISC1) is one of the most probable candidate genes for susceptibility to schizophrenia (Millar et al., 2000; Blackwood et al., 2001; Craddock et al., 2005) . In a Scottish family, the chromosome translocation (1;11)(q42.1; q14.3) was associated with major psychiatric illnesses, with a predominance of schizophrenic symptomatology (Blackwood et al., 2001) . This translocation interrupts the coding sequence of DISC1, leading to the reduction of DISC1 expression (Millar et al., 2005) or deletion of the C-terminal region. Haplotype transmission analysis using single-nucleotide polymorphisms (SNPs) from the 1q42 region indicated that the DISC1 gene plays an important role in the etiology of schizophrenia (Hennah et al., 2003; Hodgkinson et al., 2004; Callicott et al., 2005) . DISC1 interacts with several proteins, including NudE-like (NUDEL) (Ozeki et al., 2003; Millar et al., 2003; Morris et al., 2003) , fasciculation and elongation protein zeta 1 (FEZ1) (Miyoshi et al., 2003) , lissencephaly-1 (LIS1) (Brandon et al., 2004) , and phosphodiesterase 4B (PDE4B) (Millar et al., 2005) . Among these proteins, the association with NUDEL and LIS1 supports the notion that DISC1 contributes to the neuronal development and morphology (Kholmanskikh et al., 2003) .
LIS1 mutation leads to type 1 lissencephaly, which is characterized by profuse migration defects during brain development (Reiner et al., 1993; Hattori et al., 1994) . LIS1-deficient cerebellar granule neurons show defects in neuronal migration and axon extension (Kholmanskikh et al., 2003) . NUDEL is identified as a LIS1-binding protein (Niethammer et al., 2000; Sasaki et al., 2000) . The NUDEL/LIS1 complex is initially distributed in the centrosome or microtubule organizing center (MTOC) and then transported into the axonal growth cones (Niethammer et al., 2000; Sasaki et al., 2000) . It is also known that the NUDEL/LIS1 complex accumulates with plus-end tracking proteins, including cytoplasmic linker protein 170 (CLIP-170) and end-binding protein 1 (EB1) near the plus ends of microtubules, which terminate in growth cones (Coquelle et al., 2002) .
14-3-3 binds to NUDEL phosphorylated by cyclin-dependent kinase (cdk5) and maintains NUDEL phosphorylation (Toyo-oka et al., 2003) . Mice deficient in 14-3-3 show defects in brain development and neuronal migration (Toyo-oka et al., 2003) , similar to mice deficient in LIS1 (Hirotsune et al., 1998; Gambello et al., 2003) . Deficiency of 14-3-3 causes mislocalization of the NUDEL/LIS1 complex from axons, suggesting that 14-3-3 regulates the axonal targeting of the NUDEL/LIS1 complex by sustaining NUDEL phosphorylation (Toyo-oka et al., 2003) . However, it remains unclear how 14-3-3 or other component regulates the transport of the NUDEL/LIS1 complex into axons.
In this study, we identified Kinesin-1, a microtubuledependent and plus-end directed motor, as a DISC1-interacting molecule. Our results show that DISC1 links Kinesin-1 to the NUDEL/LIS1/14-3-3 complex, serves as the cargo receptor, and regulates the transport of the complex to axons, leading to axon elongation.
Materials and Methods
Materials and chemicals. The fragment of DISC1-wild type (WT) (1-832) was inserted into pMAL-c2 (New England Laboratories, Beverly, MA), pEF-BOS-Myc, pEGFP-C-terminal 1 (C1), or pEGFP-Nterminal 3 (N3) (Clontech, Palo Alto, CA). The fragments of DISC1-Nterminal of break point (NB) (1-597) or DISC1-N-terminal half (NH) (1-361) were inserted into pEGFP-C1 or pEGFP-N3, respectively. The fragments of DISC1-C-terminal of break point (CB) (598 -832) or DISC1-C-terminal half (CH) (362-832) were inserted into pEGFP-C1. The fragment of 14-3-3 was inserted into pEF-BOS-glutathione Stransferase (GST). The fragment of Kinesin family member 5A (KIF5A)-Full (1-1027) was inserted into pGEX-4T-2 (Amersham Biosciences, Buckinghamshire, UK), pEF-BOS-hemagglutinin (HA), or pCAGGS-Myc. The fragments of KIF5A-Headless (HL) (402-1027), KIF5A-C1 (706 -1027) , or KIF5A-C-terminal 2 (C2) (830 -1027) were inserted into pCAGGS-Myc. The RNA interference (RNAi)-resistant (RNAiR) NUDEL or LIS1 was created by three silence mutations into human NUDEL at nucleotides 265-298 (5Ј-CAGAGCTATAAGCAAGTGTCTGTGTTA-GAAGATG-3Ј) and human LIS1 at nucleotides 1049 -1083 (5Ј-GGAAGTT-TATTTTGAGCTGCGCAGATGACAAGACC-3Ј), respectively (the underlining indicates the mutations).
Antibodies against 14-3-3 (Transduction Laboratories, Lexington, KY), KIF5A, Tau-1, cytoplasmic dynein intermediate chain (DIC) (Chemicon, Temecula, CA), GFP (MBL, Nagoya, Japan), Rho GDP dissociation inhibitor (RhoGDI), cytoplasmic dynein heavy chain (CDHC) (Santa Cruz Biotechnology, Santa Cruz, CA), and ␤-tubulin (Sigma, St. Louis, MO) were purchased. Anti-LIS1 antibody was prepared as reported previously (Sapir et al., 1997) . Four kinds of rabbit anti-DISC1 antibodies were prepared by Biologica (Nagoya, Japan) and purified by use of peptides (251-268, 571-586, 644 -661, and 722-738 amino acids of rat DISC1) as antigens. Rabbit anti-kinesin light chain (KLC) antibody was raised against GST-KLC1. Because this antigen contains the conserved sequence of KLCs, this antibody recognizes KLC1 and KLC2 (Kimura et al., 2005) .
Affinity column chromatography and mass spectral analyses. Rat brain lysate was loaded onto beads coated with maltose-binding protein (MBP) or MBP-DISC1-WT. The proteins bound to the affinity columns were eluted by the addition of buffer containing 500 mM NaCl. The eluates were subjected to SDS-PAGE, and the bound proteins were evaluated by silver staining. We identified proteins by comparing the molecular weights determined by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry and theoretical peptide masses from the proteins registered in the National Center for Biotechnology Information database.
In vitro binding assay. GST or MBP fusion proteins were expressed in Escherichia coli BL21(DE3) and purified according to the instructions of the manufacturer. MBP or MBP-DISC1 (400 pmol) was mixed with glutathione-Sepharose 4B beads (Amersham Biosciences) coated with 100 pmol of GST alone, GST-KLC1, or GST-KIF5A in buffer (20 mM Tris-HCl, 1 mM EDTA, and 1 mM DTT). The bound MBP fusion proteins were coeluted with GST fusion proteins. Portions of the eluates were subjected to SDS-PAGE, followed by immunoblot analysis with anti-MBP antibody.
GST pull-down assay. COS7 cells were transfected in various combinations (supplemental Fig. 1 B, D , available at www.jneurosci.org as supplemental material) with Lipofectamine (Invitrogen, Carlsbad, CA) and cultured for 48 h. Cells were lysed with buffer [20 mM Tris-HCl, 1 mM EDTA, 150 mM NaCl, 1 mM DTT, 0.1% (w/v) Triton X-100, 10 M p-amidinophenyl methanesulfonyl fluoride hydrochloride, and 10 g/ml leupeptin]. The lysate was sonicated and then clarified by centrifugation at 12,000 ϫ g for 10 min at 4°C. The soluble supernatant was incubated with glutathione-Sepharose 4B beads (supplemental Fig. 1 B, available at www.jneurosci.org as supplemental material) or glutathione-Sepharose 4B beads coated with 50 pmol of GST alone or GST-KIF5A (supplemental Fig. 1 D, available at www.jneurosci.org as supplemental material). Portions of the eluates were subjected to SDS-PAGE, followed by immunoblot analyses with the indicated antibodies.
Coimmunoprecipitation assay. COS7 cells were transfected in various combinations (see Fig. 2 B) (supplemental Fig. 1 A, C, available at www. jneurosci.org as supplemental material) with Lipofectamine and cultured for 48 h. Preparations of the soluble supernatant were described above. The soluble supernatant was incubated with various antibodies and protein A Sepharose (Amersham Biosciences). The precipitated proteins were eluted with SDS sample buffer. Portions of the eluates were subjected to SDS-PAGE, followed by immunoblot analysis with the indicated antibodies.
PC12 cells were differentiated with nerve growth factor (NGF) for 48 h. Lysates from differentiated PC12 cells were used in an immunoprecipitation assay with antibodies against DISC1 (see Fig. 2 E) or KIF5A (see Fig. 2 F) as described above. The precipitated proteins were eluted with 500 mM NaCl to separate the fraction including the precipitated antibodies.
PC12 cells were transfected with scramble or rat DISC1-specific (rDISC1)-small interfering RNAs (siRNAs) and then differentiated with NGF for 48 h. Lysates from transfected PC12 cells were used in an immunoprecipitation assay with antibody against NUDEL (supplemental Fig. 3A , available at www.jneurosci.org as supplemental material).
Preparation and culture of rat hippocampal neurons. Hippocampal neurons were prepared from embryonic day 18 rat embryos using papain (Inagaki et al., 2001 ). Neurons were seeded on poly-D-lysine-and laminin-coated coverslips and cultured in Neurobasal medium (Invitrogen) supplemented with B-27 supplement (Invitrogen) and 1 mM glutamine. To get the enlarged images of the axonal growth cones, neurons were seeded on poly-D-lysine-coated coverslips (see Fig. 3F -K ). These enlarged axonal growth cones are structurally similar to the smaller one and that on laminin (Dent and Gertler, 2003) .
Transfection of siRNAs. A 21-oligonucleotide siRNA duplex was synthesized to target the rat DISC1-1 sequence 5Ј-GTGTTGGAGGGT-CAGCTGATT-3Ј, the rat DISC1-2 sequence 5Ј-CGCGGAGAAGCA-GAAGGTTTT-3Ј, the rat KLC1 sequence 5Ј-ATACGACGACGA-CATCTCT-3Ј, and the rat KLC2 sequence 5Ј-TCTGGTGATCCA-GTATGCT-3Ј. A scramble sequence, 5Ј-CAGTCGCGTTTGCGA-CTGG-3Ј, was used as a negative control. For knockdown of DISC1 or KLCs, we used siRNAs of DISC1-1 and DISC1-2 or of KLC1 and KLC2, respectively. For knockdown of NUDEL, LIS1, or CDHC, we used pSilencer2.1-NUDEL or pSilencer2.1-LIS1 (Shu et al., 2004) or four kinds of CDHC-siRNAs (He et al., 2005) , respectively. Transfection of siRNA into PC12 cells was performed with Lipofectamine 2000 (Invitrogen). The protein concentration of cell lysate was estimated by use of a BCA kit (Bio-Rad, Hercules, CA), and equal amounts of cell lysate were analyzed by immunoblotting with the indicated antibodies (see Figs. 4 A, 6A) . Transfection of siRNA (1.2 g) and/or expression plasmid encoding various cDNA (1.0 g) into hippocampal neurons was performed using a calcium phosphate method.
Immunofluorescence analysis. In the case of nonlabeled siRNAs, hippocampal neurons were cotransfected with nonlabeled siRNAs and EGFP or EGFP-GST, and EGFP-positive neurons were counted. In the case of cyanine 3 (Cy3)-labeled siRNAs, Cy3-positive neurons were counted. Axons were determined by Tau-1 staining and its morphology (Craig and Banker, 1994 ) (see Fig. 4 B, 5D , 8A, B) (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material).
The accumulations of 14-3-3 (see Figs. 4C, 5E), DISC1 (Fig. 6 B, C) , specifically Rac1-associated protein 1 (Sra-1) (supplemental Fig. 4E , available at www.jneurosci.org as supplemental material), or Numb (supplemental Fig. 4 F, available at www.jneurosci.org as supplemental material) mean Ͼ150% increment of fluorescence intensity of 14-3-3, DISC1, Sra-1, or Numb in the central regions of growth cones compared with the average of those in the intermediate regions of axonal shafts between cell bodies and the distal parts of axons, as described previously (Kawano et al., 2005) . The cell tracker 5-chloromethylfluorescein diacetate or Orange 5-(and-6)-(((4-chloromethhyl)benzoyl)amino)tetramethylrhodamine (Invitrogen), which is a cytosolic marker, was used to normalize, and the above analyses were performed in same neurons.
Hippocampal neurons were fixed with 3.7% formaldehyde in PBS for 10 min and treated with PBS that contained 0.05% Triton X-100 for 10 min. Neurons were incubated with primary antibodies overnight at 4°C, washed, and incubated for 1 h with second antibodies. Immunofluorescence analyses were examined with a laser scanning confocal microscope (model LSM510; Zeiss, Oberkochen, Germany).
Time-lapse observation. Hippocampal neurons were seeded on a 3.5 cm glass-bottom dish and then transfected with expression plasmid encoding EGFP only, EGFP-GST, or NUDEL-GFP at day in vitro (DIV) 1 and with Cy3-scramble, Cy3-rDISC1-siRNAs, or Cy3-KLCs-siRNAs at DIV2. At DIV4, the areas of distal part of axons in Cy3-and EGFPpositive neurons were photobleached in various squares with 75 laser irradiations and then observed at 37°C for 4 min in a microincubator (Sankei, Tokyo, Japan) using a laser scanning confocal microscope equipped with Zeiss Axiovert 100 M (Plan Apochromat 63ϫ/1.40 numerical aperture oil immersion objective) (see Fig. 7A -E). The supplemental movie files (QuickTime Movie) were produced using Adobe ImageReady 2.0 (Adobe Systems, San Jose, CA).
Results

Identification of Kinesin-1 as a novel DISC1-interacting molecule
To detect DISC1-interacting molecules, cytosolic extract from rat brain was loaded onto an affinity column coated with maltosebinding protein (MBP) or MBP-DISC1. Several proteins with molecular mass of ϳ180, 125, 120, 42, 40, 31, and 30 kDa were detected in the eluate from the MBP-DISC1 affinity column but not from the MBP affinity column ( Fig. 1 A, B) . To distinguish DISC1-interacting molecules from degradation products of bait, immunoblot analyses were performed using anti-MBP and anti-DISC1 antibodies. Molecular mass of ϳ150 or 50 kDa was fulllength or degradation product of MBP-DISC1, respectively. By mass spectral analyses, proteins with molecular mass of ϳ180, 125, 120, 31, and 30 kDa were identified as rat ADP-ribosylation factor guanine nucleotide-exchange factor 2 (ARFGEF2), KIF5B, phosphofurin acidic cluster sorting protein 1 (PACS-1), 14-3-3, and receptor for activated C kinase (RACK1), respectively. The 42 and 40 kDa proteins were not identified. ARFGEF2 regulates the activity of ARF, which plays an important role in intracellular vesicular trafficking (Togawa et al., 1999) . KIF5B belongs to the kinesin heavy chain family and acts as a motor molecule (Gudkov et al., 1994) . Kinesin-1 is a tetramer of two kinesin heavy chains (KIF5A, KIF5B, or KIF5C) and two kinesin light chains (KLC1 or KLC2) (Brady, 1985; Vale et al., 1985) and acts as a molecular motor on microtubules that are essential for anterograde axonal transport (Miki et al., 2001; Kamal and Goldstein, 2002) . PACS-1 regulates the localization of the trans-Golgi network (Wan et al., 1998) . RACK1 is identified as an adaptor for PKC and is thought to function for several signaling enzymes, but its function is unclear in neuronal development (Schechtman and Mochly-Rosen, 2001 ).
14-3-3 binds to phosphorylated NUDEL and forms a complex with NUDEL/LIS1/cytoplasmic dynein (Toyo-oka et al., 2003) . The band corresponding to NUDEL, which was reported as a DISC1-interacting molecule, was not detected by silver staining because it might be covered with several degradation products of MBP-DISC1. The immunoblot analyses revealed an interaction of DISC1 with KIF5A, KLC1, KLC2, NUDEL, LIS1, DIC, and CDHC but not with other kinesins, including KIF3B and KIF2, and RhoGDI, an abundant cytoplasmic protein (Fukumoto et al., 1990) , as a negative control (Fig. 1C,D) . Because the results of affinity-column chromatography show that DISC1 binds to Kinesin-1 and 14-3-3, both of which appear to be involved in the DISC1 transport to axons, we focused on Kinesin-1 and the NUDEL/LIS1/14-3-3 complex among DISC1-interacting molecules.
Interaction of DISC1 with Kinesin-1 and NUDEL in vitro
To examine whether DISC1 directly interacts with kinesin heavy chain or light chain, an in vitro binding assay was performed using purified recombinant proteins. We mainly used KIF5A in Figure 1 . Identification of Kinesin-1 as a novel DISC1-interacting molecule. A, B, Cytosolic extract from rat brain were used in affinity-column chromatography with MBP-DISC1. Aliquots from eluates were resolved by SDS-PAGE using 6% gel (A) to high-molecular-weight proteins and 12% gel (B) to low-molecular-weight proteins, followed by silver staining. Arrows indicate the DISC1-interacting proteins. Bound proteins were analyzed by mass spectral analyses. Asterisks indicate full-length or degradation product of MBP-DISC1. C, The eluates of DISC1 affinitycolumn chromatography were analyzed by immunoblotting with antibodies against kinesin family, including KIF5B, KLCs, KIF5A, KIF3B, and KIF2. D, The eluates of DISC1 affinity-column chromatography were analyzed by immunoblotting with antibodies against the NUDEL/LIS1/ 14-3-3/cytoplasmic dynein complex, including 14-3-3, NUDEL, LIS1, DIC, and CDHC, and RhoGDI as a negative control. Aliquots of original samples (2% Input) and eluates (10%) were subjected to SDS-PAGE.
this study, because KIF5A and KIF5C are specifically expressed in brain, whereas KIF5B is ubiquitously expressed in various tissues (Niclas et al., 1994; Miki et al., 2001) . Affinity beads coated with GST, GST-KLC1, or GST-KIF5A were mixed with MBP or MBP-DISC1. MBP-DISC1 bound directly to GST-KIF5A but not to GST alone or GST-KLC1 (Fig. 2 A) . DISC1 also interacted with KIF5C (supplemental Fig. 1 A, available at www.jneurosci. org as supplemental material), indicating that DISC1 binds to Kinesin-1 through direct interaction with KIF5s.
To examine whether DISC1 forms a ternary complex with KIF5A and NUDEL, Myc-DISC1, HA-KIF5A, and NUDEL-GFP were transfected into COS7 cells. When HA-KIF5A was immunoprecipitated, NUDEL-GFP was coimmunoprecipitated only in the presence of Myc-DISC1 (Fig. 2 B) , suggesting that KIF5A interacts with NUDEL through DISC1. DISC1 appears to form a more stable complex with KIF5A in the presence of NUDEL (Fig. 2 B) . To examine whether DISC1 forms a complex with NUDEL and 14-3-3, Myc-DISC1, NUDEL-GFP, and GST-14-3-3 were transfected into COS7 cells. When GST-14-3-3 was precipitated, Myc-DISC1 and NUDEL-GFP were coprecipitated as well (supplemental Fig. 1 B, available at www. jneurosci.org as supplemental material).
We examined which domain of DISC1 interacts with KIF5A using deletion mutants of Myc-KIF5A. When DISC1-EGFP was immunoprecipitated from COS7 cells, Myc-KIF5A-Full, Myc-KIF5A-HL, or Myc-KIF5A-C1 was coimmunoprecipitated with DISC1-EGFP, whereas Myc-KIF5A-C2 was not (Fig. 2C ) (supplemental Fig. 1C , available at www.jneurosci.org as supplemental material). We next examined which domain of DISC1 interacts with KIF5A using deletion mutants of DISC1-EGFP in a GST pull-down assay. GST-KIF5A bound to Myc-DISC1-WT, Myc-DISC1-NB, and Myc-DISC1-NH but not to Myc-DISC1-CH and Myc-DISC1-CB (Fig. 2 D) (supplemental Fig. 1 D, available at www.jneurosci.org as supplemental material). To narrow down the domain of DISC1 required for the binding with KIF5A, we performed in vitro binding assay. GST-KIF5A bound to MBP-DISC1 (341-400 amino acids) (data not shown). We also confirmed that DISC1-CB interacts with NUDEL ( Fig. 2 D) , as described previously (Morris et al., 2003; Ozeki et al., 2003) . These results indicate that the N-terminal region of DISC1 (341-400 amino acids) interacts with the C-terminal region of the KIF5A, presumably through the region containing 706 -829 amino acids of KIF5A.
Interaction of DISC1 with Kinesin-1, NUDEL, LIS1, and 14-3-3 in vivo
To examine the physiological interaction of Kinesin-1, DISC1, NUDEL, LIS1, and 14-3-3, we used differentiated PC12 cells in biochemical experiments, because the DISC1 expression is increased after the differentiation by NGF (Ozeki et al., 2003) . When DISC1 was immunoprecipitated from PC12 cells, KIF5A, NUDEL, LIS1, and 14-3-3 were coimmunoprecipitated with DISC1 (Fig. 2 E) . When KIF5A or NUDEL was immunoprecipitated, DISC1 was reciprocally coimmunoprecipitated with KIF5 or NUDEL, respectively (Fig. 2 F) (supplemental Fig. 3A , available at www.jneurosci.org as supplemental material). These results indicate that DISC1 forms a complex with Kinesin-1, NUDEL, LIS1, and 14-3-3 under physiological conditions. We examined whether DISC1 colocalized with Kinesin-1, NUDEL, LIS1, and 14-3-3 using cultured rat hippocampal neurons, as a model system (Craig and Banker, 1994) . DISC1 localized mainly at cell bodies and partially in the distal part of the axon in cultured rat hippocampal neurons at DIV3 (Fig. 3A-D) . DISC1 colocalized with KIF5A, LIS1, and 14-3-3 in the distal part of the axon (Fig. 3A-C) . Because anti-DISC1 and anti-NUDEL antibodies were rabbit polyclonal ones, we could not perform double immunostaining with both antibodies. Instead, we showed colocalization of NUDEL-GFP and DISC1 (Fig. 3D ) and of endogenous NUDEL and LIS1 (Fig. 3E) in the distal part of the axon.
The axonal growth cone contains both filopodia and lamellipodial, and its area is classified into the peripheral, transition, and central regions (Dent and Gertler, 2003) . The peripheral region is composed of actin filaments, and the central region is composed of the microtubule terminal projecting from the axon shaft (Dent and Gertler, 2003) . The high-magnification view in the growth cones of axons revealed that DISC1, KIF5A, LIS1, 14-3-3, and NUDEL mainly localized in the central region and diffusely localized in the peripheral and transition regions of the growth cone (Fig. 3F-I ). DISC1 partially colocalized with KIF5A, LIS1, and 14-3-3 in the growth cones (Fig. 3F-H ) . NUDEL partially colocalized with LIS1 in the growth cones (Fig. 3I ). DISC1 and KIF5A showed the similar punctate structures along microtubules in the growth cones (Fig. 3 J, K ) . Based on these results of the high-magnification view in the growth cones together with the finding that DISC1 forms a complex with KIF5A, DISC1 appears to form a complex with Kinesin-1 along microtubules.
Roles of DISC1 in the localization of NUDEL, LIS1, and 14-3-3 in the distal part of axons To examine the roles of DISC1 in the distribution of NUDEL, LIS1, and 14-3-3, we performed a knockdown experiment of DISC1 using RNAi. Because the expression levels of DISC1 in hippocampal neurons were low, PC12 cells were transfected with rDISC1-siRNAs for immunoblot analysis. The expression of DISC1 was knocked down by rDISC1-siRNAs, whereas the levels of NU-DEL, LIS1, 14-3-3, and ␤-tubulin were not affected (Fig. 4A) . The expression levels of rat DISC1 were reduced to ϳ10 -20% by rDISC1-siRNAs compared with control scramble (Fig. 4A) .
We then examined the effect of DISC1 knockdown on neuronal morphology using hippocampal neurons transfected with rDISC1-siRNAs. To identify the transfected cells, EGFP-GST was cotransfected with rDISC1-siRNAs in rat hippocampal neurons at DIV1, and the cell morphologies were observed at DIV3. In rDISC1-siRNAs-transfected neurons, the immunoreactivity of DISC1 was markedly decreased and the length of the axons was reduced compared with those of scramble-transfected neurons (Fig. 4 B) (supplemental Fig. 2 A, B , available at www.jneurosci.org as supplemental material), suggesting that DISC1 plays an essential role in axon elongation.
To examine the roles of DISC1 in the distribution of NUDEL, LIS1, and 14-3-3, the immunofluorescence analysis was performed using hippocampal neurons. The knockdown of DISC1 inhibited the accumulation of LIS1, 14-3-3, or NUDEL-GFP in the distal part of the axon but not in the cell body (Fig. 4C-F ) . In contrast, in scramble-transfected neurons, LIS1, 14-3-3, or NUDEL-GFP localized in the distal part of the axons, as observed in nontransfected neurons (Fig. 3B-D) . Essentially similar results were obtained when Cy3-labeled scramble or rDISC1-siRNAs were used to identify the transfected cells instead of unlabeled siRNAs (Fig. 4C) .
To examine the possibility that the knockdown of DISC1 affects the major cytoskeletal architectures and thereby nonspecifically modulates the protein transport, we determined the localization of actin filaments, tubulin, Tau, and EB1, a plus end binding protein of microtubules (Mimori-Kiyosue et al., 2000) . The knockdown of DISC1 did not affect the localization of actin filaments (Fig.  4D-F) , tubulin (Fig. 4G) , Tau (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material), and EB1 (supplementalFig.3B,C,availableatwww.jneurosci. org as supplemental material). We have shown previously that collapsin response mediator protein-2 (CRMP-2) links KLCs of Kinesin-1 to specifically Rac1-associated protein (Sra-1) or Numb and regulates their transport along microtubules to axons Kawano et al., 2005) . The knockdown of CRMP-2 or KLCs inhibited the accumulation of Sra-1 or Numb in the distal part of axons (supplemental Fig. 4E ,F, available at www. jneurosci.org as supplemental material) Kawano et al., 2005) . The knockdown of DISC1 did not affect the localization of Sra-1 or Numb (supplemental Fig. 4 , available at www. jneurosci.org as supplemental material). These results suggest that DISC1 specifically regulated the localization of LIS1, 14-3-3, and NUDEL-GFP without affecting the major cytoskeletal architectures. However, we cannot completely neglect the possibility that axonal structures are changed by the DISC1 knockdown because DISC1 may transport cytoskeletal elements.
Based on these results in DISC1-knockdown neurons, we wondered whether DISC1 regulates the complex formation of NUDEL, LIS1, and 14-3-3. We investigated whether DISC1 affects the complex formation by an immunoprecipitation assay using scramble-siRNAs-transfected or rDISC1-siRNAs-transfected PC12 cells. When NUDEL was immunoprecipitated from scramble-transfected PC12 cells, DISC1, LIS1, and 14-3-3 were coimmunoprecipitated with NUDEL (supplemental Fig. 3A , available at www.jneurosci.org as supplemental material). Similarly, LIS1 and 14-3-3 were coimmunoprecipitated with NUDEL from DISC1-knockdown PC12 cells (supplemental Fig. 3A , available at www. jneurosci.org as supplemental material), indicating that the knockdown of DISC1 did not affect the formation of the NUDEL/ LIS1/14-3-3 complex.
Effect of N-terminal fragment of DISC1 on axon elongation
To examine the effect of the N-terminal fragment of DISC1 (DISC1-NB or DISC1-NH), which interacts with Kinesin-1 but not with the NUDEL/LIS1/14-3-3 complex on Figure 4 . Effect of DISC1 knockdown on localization of NUDEL, LIS1, and 14-3-3 in the distal part of the axon. A, PC12 cells were transfected with scramble or rDISC1-siRNAs and then differentiated with NGF for 48 h. Lysates were analyzed by immunoblotting with antibodies against DISC1, NUDEL, LIS1, 14-3-3, and ␤-tubulin. B, Hippocampal neurons transfected with expression plasmid encoding EGFP-GST and scramble or rDISC1-siRNAs at DIV1 were detected by EGFP fluorescence and staining of Tau-1, which is a maker of axon at DIV3. Hippocampal neurons transfected with Cy3-labeled scramble or rDISC1-siRNAs were detected by Cy3 fluorescence and the staining of Tau-1. More than 90% of the cells transfected with EGFP-GST and rDISC1-siRNAs or Cy3-rDISC1-siRNAs showed the decreased immunoreactivity of DISC1. Axons of transfected neurons were scored according to axon length. C, Hippocampal neurons transfected with expression plasmid encoding EGFP-GST and scramble or rDISC1-siRNAs were detected by EGFP fluorescence and staining of 14-3-3. Hippocampal neurons transfected with Cy3-labeled scramble or rDISC1-siRNAs were detected by Cy3 fluorescence and staining of 14-3-3 and F-actin. The accumulation of 14-3-3 in the distal part of axons was determined, as described in Materials and Methods. axon elongation and the localization of the NUDEL complex in the axon, we expressed various EGFP-tagged DISC1 mutants ( Fig.  5A-E ). DISC1-NB or DISC1-NH accumulated in the distal part of the axon and inhibited axon elongation (Fig. 5D) , as described previously (Ozeki et al., 2003) . DISC1-NB or DISC1-NH inhibited the accumulation of 14-3-3 (Fig. 5C,E) , LIS1, and NUDEL (supplemental Fig. 5 , available at www. jneurosci.org as supplemental material) (data not shown) in the distal part of the axon, suggesting that DISC1-NB or DISC1-NH acts as a dominant-negative mutant for endogenous DISC1. We speculated that DISC1-CH and DISC1-CB mutants also act as the dominant-negative mutants for endogenous DISC1 because they interact with NUDEL but not with Kinesin-1. However, DISC1-CH and DISC1-CB did not affect neuronal morphologies or the distribution of 14-3-3 (Fig. 5D,E) . Although we do not know the exact reason why DISC1-CH or DISC1-CB does not alter the distribution of NUDEL/ LIS1/14-3-3, one possible explanation may be that DISC1-CH or DISC1-CB has a lower affinity for NUDEL/LIS1/14-3-3 than wild-type DISC1 has. To confirm the specificity of DISC1 knockdown on neuronal morphology and the localization of NU-DEL, LIS1, and 14-3-3, rescue experiments were performed using human DISC1 cDNA. The expression of human DISC1 cDNA was not inhibited by rDISC1-siRNAs (data not shown). The inhibition of the defective localization of 14-3-3 was rescued by DISC1-WT but not by DISC1-NB, which lacks the NUDEL-binding region (Fig. 5F,G) , indicating that DISC1 is required for the proper localization of the NUDEL/LIS1/14-3-3 complex, and DISC1-NB results in the loss-of-function mutant under DISC1-knockdown conditions.
Roles of Kinesin-1 in the localization of DISC1 in the distal part of axons
To examine the role of Kinesin-1 in the localization of DISC1 and the NUDEL/ LIS1/14-3-3 complex, we used the knockdown of KLCs instead of that of KIF5s. Because KIF5A, KIF5B, and KIF5C have functional redundancy, we tried triple knockdowns of KIF5s but have not succeeded to date. It has been reported that KLCs are essential for the proper function or localization of KIF5A and KIF5B using mice deficient in KLCs (Rahman et al., 1999) , although it remains unclear how deficiency of KLCs inhibits KHCs function (Verhey et al., 1998; Adio et al., 2006) . Thus, we performed the knockdown of KLCs by KLCs-siRNAs in PC12 cells (Kimura et al., 2005) . The expression levels of rat KLC1 and KLC2 were reduced to ϳ10 -20% by KLCssiRNAs compared with control scramble (Fig. 6 A) . The levels of KIF5A, DISC1, NUDEL, LIS1, 14-3-3, and ␤-tubulin were not affected by the knockdown of KLCs (Fig. 6 A) . In KLCs-siRNAstransfected hippocampal neurons, the immunoreactivity of KLCs was clearly reduced (Fig. 6 D) , and the length of the axons was reduced compared with those of scramble-transfected neurons (see Fig.  8 A) , as reported previously (Kimura et al., 2005) . In KLCs-knockdown neurons, endogenous DISC1 or DISC1-EGFP was not accumulated in the distal part of the axon but was mainly present within the cell body (Fig. 6 B, D) , and the accumulation of NUDEL-GFP, LIS1, and 14-3-3 was also reduced in the distal part of the axon (data not shown), whereas the accumulation of actin filaments was not affected (Fig. 6 D) . Essentially similar results were obtained when Cy3-labeled scramble or KLCs-siRNAs were used to identify the transfected cells instead of unlabeled siRNAs (Fig. 6 B) .
To confirm the specific effect of KIF5A on the localization of DISC1, we expressed KIF5A-HL, which is thought to impair the motor function of Kinesin-1 and acts as the dominant-negative form (Nakata and Hirokawa, 2003) , inhibited the accumulation of DISC1, but not that of actin filaments, in the distal part of the axon (Fig. 6C, E, F ) . KIF5A-C1 containing the DISC1-binding region also inhibited the accumulation of DISC1, whereas KIF5A-C2 lacking the DISC1-binding region did not (Fig. 6C) . These results indicate that Kinesin-1 is required for the proper localization of DISC1.
Regulation of the transport of NUDEL by DISC1 and Kinesin-1
To confirm the link between the DISC1-or KLCs-knockdown phenotype and the disrupted transport of NUDEL, LIS1, and 14-3-3, we monitored the transport of NUDEL by time-lapse imaging of NU-DEL-GFP. Hippocampal neurons were transfected with NUDEL-GFP at DIV1 and then transfected with Cy3-labeled siRNAs at DIV2. Under these conditions, NUDEL-GFP was localized in the distal part of the axon at DIV4. In the neurons containing Cy3-siRNA in the cell body at DIV4, photobleaching of NUDEL-GFP was performed and followed by timelapse analysis (Fig. 7A-D) . We counted the numbers of no more than 70% of re- Figure 6 . Effect of KLCs knockdown and dominant-negative form of KIF5A on accumulation of DISC1 in the distal part of the axon. A, PC12 cells were transfected with scramble or KLCs-siRNAs and then differentiated with NGF for 48 h. Lysates were analyzed by immunoblotting with antibodies against the indicated proteins. B, Hippocampal neurons transfected with expression plasmid encoding EGFP-GST and scramble or KLCs-siRNAs at DIV1 were detected by EGFP fluorescence and staining of DISC1 and F-actin at DIV3. Hippocampal neurons transfected with Cy3-labeled scramble or KLCs-siRNAs were detected by Cy3 fluorescence and staining of DISC1 and F-actin. Axons of transfected neurons were scored using a percentage of the numbers of accumulated DISC1 in the distal part of the axon. More than 90% of the cells transfected with EGFP-GST and KLCs-siRNAs or Cy3-KLCs-siRNAs showed the decreased immunoreactivity of KLCs. C, Neurons transfected with Myc-GST or Myc-KIF5A mutants were identified by Myc staining and were scored using a percentage of the numbers of accumulated DISC1 in the distal parts of axons. B, C, Numbers covered NUDEL-GFP fluorescence to the axonal growth cone within 4 min (Fig. 7E) . The control neurons transfected with Cy3-scramble showed a steady recovery of fluorescence in the photobleached area (Fig. 7 A, B,E) (supplemental Movie 1, available at www.jneurosci.org as supplemental material). In contrast, a delay in recovery was observed in DISC1-or KLC-knockdown neurons ( Fig. 7C-E) (supplemental Movies 2, 3, available at www.jneurosci.org as supplemental material). When the neurons were treated with nocodazole and placed on ice for 5 min, which destroys the microtubules (Galbraith et al., 1999) , the movement of NUDEL-GFP was partially prevented, whereas that of EGFP alone or EGFP-GST (supplemental Movies 4, 5, available at www.jneurosci.org as supplemental material) was not impaired, and neither placing on ice for 5 min nor nocodazole treatment alone, which is insufficient to destroy the microtubules, prevented NUDEL-GFP movement (supplemental Movie 6, available at www.jneurosci.org as supplemental material) (Galbraith et al., 1999; Kimura et al., 2005) . The movement of NUDEL-GFP was not completely prevented under these conditions, because a part of movement of NUDEL-GFP might be attributable to simple diffusion. These results indicate that most of the recovery of NUDEL-GFP is attributable to transport on the rail of microtubules, because the transport along microtubules is faster than the simple diffusion and so is inhibited by microtubule disruption (Galbraith et al., 1999) and by the knockdown of DISC1 or KLC.
Regulation of axon elongation by NUDEL and LIS1 but not by cytoplasmic dynein
Because the functions of NUDEL and LIS1 in axon elongation of hippocampal neurons remain essentially unknown, we examined the effect of NUDEL or LIS1 knockdown using the RNAi plasmids (Shu et al., 2004) on morphologies of hippocampal neurons. In NUDEL-and LIS1-knockdown neurons, the length of the axons was reduced compared with those of scrambletransfected neurons (Fig. 8 A) , suggesting that NUDEL and LIS1 regulate axon elongation. To confirm these results, rescue experiments were performed using RNAiR mutants of NUDEL and LIS1 with three silence mutations. The results of immunoblot analyses revealed that the expressions of these mutants were not decreased by the cotransfection of each RNAi plasmids (data not shown). The inhibition of axon elongation was rescued by NUDEL-RNAiR or LIS1-RNAiR, respectively (Fig. 8 B) . We next examined the effect of cytoplasmic dynein knockdown on axon elongation. It has been reported that the knockdown of CDHC has no effect on the formation and growth of axons in cultured rat sympathetic neurons (He et al., 2005) . Consistently, we found that the transfection of CDHC-siRNAs reduced the expression levels of CDHC (data not shown), and the suppression of CDHC expression did not affect the axon growth in hippocampal neurons (Fig. 8 A) . Therefore, our results together with the previous observation indicate that cytoplasmic dynein is not essential for axon elongation.
Discussion
Regulation of the localization of NUDEL, LIS1, and 14-3-3 by DISC1 The NUDEL/LIS1/14-3-3 complex is transported to the vicinity of the centrosome or the MTOC and the distal parts of neurites (Leventer et al., 2001; Toyo-oka et al., 2003) . Our results indicate that the NUDEL/LIS1/14-3-3 complex is transported to the axon by Kinesin-1 through DISC1. Previously, it has been reported that DISC1 localizes in the centrosome (Morris et al., 2003; Ozeki et al., 2003 ). DISC1 appears to be essential for maintaining the NUDEL/LIS1/dynein complex at the centrosome and regulates neuronal migration (Kamiya et al., 2005) , although the mode of actions of DISC1 on NUDEL/LIS1/dynein remains essentially unknown. We did not observe the effect of DISC1 on neuronal migration, because cultured hippocampal neurons did not migrate dynamically in vitro. We focused on the accumulation of DISC1 in the distal part of axons, so we could not see the accumulation of DISC1 at the centrosome in hippocampal neurons. NUDEL and LIS1 at the centrosome play a crucial role in nuclear migration through the action of dynein, whereas they promote axon elongation in the distal part of axon. Because both neuronal migration and axon elongation are critical steps in neuronal development, DISC1 plays a vital role by regulating the proper localization of the NUDEL and LIS1 at the centrosome and the distal part of the axon. Although the functions of the NUDEL/LIS1 complex at the distal part of the axon are not fully understood, LIS1-deficient cerebellar granule neurons show defects in axon extension (Kholmanskikh et al., 2003) . We found that the knockdown of NUDEL or LIS1 inhibited axon elongation (Fig. 8 A) , and NUDEL-RNAiR or LIS1-RNAiR rescued this inhibition (Fig. 8 B) , indicating that NUDEL and LIS1 play essential roles in axon elongation in hippocampal neurons.
DISC1 is essential for maintaining cytoplasmic dynein at the centrosome (Kamiya et al., 2005) , and Kinesin-1 is required for the polarized localization of dynein to microtubule plus ends in Aspergillus nidulans (Zhang et al., 2003) . In contrast, we found that the localization of CDHC at axons did not apparently change in DISC1-or KLCs-knockdown neurons. The dynein activity is essential for neuronal migration (Shu et al., 2004; Tsai and Gleeson, 2005) , whereas it is not necessary for axon elongation (Fig.  8 A) . It has been reported that dynein activity is not critically required for the initial neuronal development, including elaboration of neuritis and axon specification (Chuang et al., 2005) . Thus, NUDEL and LIS1 at growth cone appear to regulate axon elongation in a manner independent of cytoplasmic dynein. LIS1 directly interacts with CLIP-170, another member of ϩTips (Coquelle et al., 2002) , and appears to tether microtubule plus ends to the cortical actin meshwork, thereby regulating neuronal motility (Kholmanskikh et al., 2006) . Thus, the mode of action of DISC1, NUDEL, and LIS1 at the growth cone is different from that in centrosome.
Dysfunction of the cargo receptor in neuronal development
The results of this study suggest that DISC1 serves as the cargo receptor of the NUDEL/LIS1/14-3-3 complex and Kinesin-1. The KIF5A-binding region of DISC1 (341-400 amino acids) is different from the FEZ1-binding region of DISC1 (446 -633 amino acids) (Miyoshi et al., 2003) or PDE4B-binding region of DISC1 (219 -283 amino acids) (Millar et al., 2005) . In the accompanying paper (Shinoda et al., 2006) , we identified growth factor receptor-bound protein 2 (Grb2) as a DISC1-interacting protein using membrane extract of rat brain. Grb2 acts as an adaptor molecule that links receptor tyrosine kinases and the Ras-ERK pathway (Lowenstein et al., 1992; Takenawa et al., 1998; Buday, 1999) . DISC1 also forms a ternary complex with Grb2 and Kinesin-1 and regulates the transport of Grb2 to the distal parts of axons in a Kinesin-1-dependent manner. We found that the transported Grb2 by DISC1 is involved in neurotrophin-induced axonal elongation. Thus, it can be possible that DISC1 links Kinesin-1 to FEZ1 or PDE4B. It is worthwhile examining whether DISC1 serve as the cargo receptor not only for the NUDEL complex and Grb2 but also for FEZ1 or PDE4B for the future studies.
We recently found that CRMP-2 links Kinesin-1 to tubulin heterodimers, Sra-1, and Numb and regulates their transport to the growing axon Kawano et al., 2005; Kimura et al., 2005) . CRMP-2 binds to tubulin heterodimers to promote microtubule assembly, thereby enhancing axon elongation (Fukata et al., 2002) . Based on these observations, we proposed that CRMP-2 is the cargo receptor of Kinesin-1 and regulates neuronal development. CRMP-2 was also independently identified as dihydropyrimidinase-related protein-2 (DRP-2) (Hamajima et al., 1996) . DRP-2 is a candidate gene for susceptibility to schizophrenia (Johnston-Wilson et al., 2000; . The expression of DRP-2 is significantly decreased in the frontal cortex regions of schizophrenics (Johnston-Wilson et al., 2000) . SNPs analyses have shown that the DRP-2 gene is associated with paranoid-type schizophrenia . DISC1 participates in the transport of the NUDEL/LIS1/14-3-3 complex and Grb2 through interaction with KHC of Kinesin-1, whereas CRMP-2 participates in the transport of tubulin heterodimers, Sra-1, and Numb through interaction with KLC of Kinesin-1 Kawano et al., 2005; Kimura et al., 2005) . Although DISC1 and CRMP-2 have different partner proteins, they have similar modes of action that link motor proteins to transport proteins. Consistently, we found that the knockdown of CRMP-2 inhibits the accumulation of Sra-1 and Numb at the growth cones Kawano et al., 2005) , whereas the knockdown of DISC1 dose not affect it (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material). In addition, it has been reported that several diseases associate with impaired cargo transport (Vale, 2003; Hirokawa and Takemura, 2004 ). Thus, it is possible that dysfunction of the cargo receptors, such as DISC1 and CRMP-2/DRP-2, may impair neuronal development, leading to psychiatric disorders, such as schizophrenia.
